Bimodal mesoporous silica consisting of two sets of well-defined mesopores is synthesized by a partial pseudomorphic transformation of an ordered mesoporous starting material (SBA-15 type). The introduction of a second set of smaller mesopores (MCM-41 type) establishes a pore system with bottlenecks that restricts the access to the core of the bimodal mesoporous silica particles. The particle size and shape of the starting material are retained, but micropores present in the starting material disappear during the transformation, leading to a true bimodal mesoporous product. A varying degree of transformation allows the adjustment of the pore volume contribution of the two mesopore domains.
Introduction
Since their discovery in the early 1990s, 1,2 ordered mesoporous silica based materials have had a substantial impact on research in various fields, including catalysis, [3] [4] [5] [6] separation, [6] [7] [8] drug delivery, [9] [10] [11] sensing, 9, 12, 13 and environmental remediation. [14] [15] [16] A typical mesoporous silica material features a large surface area (reaching values of up to 1000 m 2 g -1 ), a well-defined pore size (often in the range of 3 to 20 nm), as well as abundant surface silanol groups, which allow postsynthetic functionalization and thus adjustment of the surface properties. 17, 18 Research on bimodal porous silica materials has focused on combining the beneficial properties of macro-and mesopores, e.g. fast mass transport (macropores) and large surface area (mesopores). 19 Micro-mesoporous materials are similarly well-known, and can for example be generated by templating with nonionic triblock copolymers consisting of a central hydrophobic poly(propylene oxide) chain flanked by two hydrophilic poly(ethylene oxide) chains. 20 It has been observed that the well-defined mesopores in these materials are interconnected by disordered micropores and smaller mesopores. 21, 22 Pathways to micro-mesoporous materials also include destructive synthesis strategies. These approaches generally start with zeolite crystals (microporous aluminosilicates) and introduce the mesopores by selectively extracting zeolite framework atoms. 23 Constructive strategies towards micro-mesoporous materials with zeolitic domains typically involve the use of multiple templates or the assembly of zeolite-based building blocks. 23 Bimodal materials with two types of mesopores are comparatively less well studied. These have been synthesized by mixing multiple templates to create a three-dimensional network of pores. 24, 25 Crosslinking of mesoporous MCM-41 nanoparticles in the presence of triblock copolymer surfactants is a further possibility to generate bimodal mesoporous silica. 26 While these methods are successful at producing bimodal pore size distributions in the mesopore range, the degree of control over the particle size and shape, as well as over the spatial distribution of the two mesopore domains is limited. M. J. Reber, D. Brühwiler
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The generation of a mesoporous shell around a solid core silica particle is an excellent way of controlling the spatial distribution of the pore system within the final particle, but does not allow for a true bimodal character. 27, 28 Using a concept derived from pseudomorphic transformation, we were able to synthesize materials with two well-defined mesopore domains. The controlled dissolution and reprecipitation of silica during pseudomorphic transformation in the presence of a structure-directing agent ensures the retention of the initial particle size and shape. 29 Starting with mesoporous silica and subjecting it to partial pseudomorphic transformation in the presence of a suitable structure-directing agent generates a bimodal material. The particle size and shape are defined by the starting mesoporous silica, whereas the two distinct pore sizes are determined by the structure-directing agents used in the synthesis of the starting mesoporous silica and in the subsequent pseudomorphic transformation. The relative contributions of the two mesoporous domains to the total pore volume of the final bimodal material can be adjusted by controlling the degree of pseudomorphic transformation.
Confocal laser scanning microscopy (CLSM) has previously been used to investigate the distribution of functional groups in mesoporous silica and to assess the accessibility of mesopores. [30] [31] [32] We have applied this concept to the bimodal mesoporous materials in order to investigate the accessibility of the primary mesopores (provided by the starting material) after the introduction of smaller mesopores. The information on accessibility obtained by CLSM can be correlated with nitrogen sorption data to provide insights regarding the spatial distribution of the mesopore domains. Synthesis of SBA-15. Following a previously published procedure, 20 2.2 g of P123 was dissolved in 80 mL of 1.55 M hydrochloric acid. Once a clear solution was obtained, 5 mL of TEOS was slowly added. The mixture was stirred for 20 h at 35 °C, transferred to a Teflon-lined autoclave, and placed in a preheated oven at 100 °C for 24 h. The autoclave was allowed to cool to room temperature before the product was recovered by filtration and washing with at least 1 L of H 2 O. The material was allowed to dry at room temperature overnight and then calcined in air at 500 °C for 16 h. A heating rate of 1 °C min -1 was applied.
Synthesis of MCM-41.
Following a previously published procedure, 33 2.2 g of CTAB was dissolved in a solution of 52 mL of H 2 O and 25 mL of aqueous ammonia (25 %). After dropwise addition of 10 mL of TEOS, the mixture was stirred at room temperature for 3 h. It was then transferred to a Teflon-lined autoclave and put in an oven at 110 °C for 48 h. The autoclave was allowed to cool to room temperature before the product was recovered by filtration and washing with at least 250 mL of H 2 O. The material was allowed to dry at room temperature overnight. The structure-directing agent was removed by heating at 300 °C for 2 h and subsequent calcination at 500 °C for 12 h. A heating rate of 1 °C min -1 was applied.
Synthesis of SBA-s. Spherical particles of SBA-15 (SBA-s) were synthesized as follows: 30 An amount of 465 mg of CTAB was dissolved in 20 mL of H 2 O. This solution was added to a solution of 3.1 g of P123 in 46 mL of 1.5 M hydrochloric acid, and 7.8 mL of ethanol was added, followed by the dropwise addition of 10 mL of TEOS. The mixture was stirred for 2 h at room temperature before being transferred to a Teflon-lined autoclave. The autoclave was placed in a preheated oven at 78 °C for 72 h. The autoclave was allowed to cool to room temperature and the product was recovered by filtration and washing with at least 1 L of H 2 O. The material was allowed to dry at room temperature overnight and then calcined in air at 500 °C for 16 h. A heating rate of 1 °C min -1 was applied.
Pseudomorphic transformation. An amount of 300 mg of the parent silica (SBA-15, SBA-s or Kromasil) was mixed with 182 mg of CTAB and a varying amount of NaOH. The ratio of the mass of silica (m silica ) and
NaOH (m NaOH ) for each synthesis is given in Table 1 Physical measurements. Nitrogen sorption isotherms were measured at 77 K with a Quantachrome Autosorb iQ MP. Samples were vacuum-degassed for 3 h at 80 °C before measurement. Pore size distributions and pore diameters d DFT were determined by a nonlocal density functional theory (NLDFT) model developed for silica exhibiting cylindrical pore geometry. 34 Surface areas S BET were calculated with a multipoint BET method. 35 Total pore volumes V tot were derived from the amount of adsorbed nitrogen at a relative pressure of p/p 0 = 0.99. The de Boer equation was used for calculating the statistical film thickness (t-plot). 36 Adsorption isotherms were used for all calculations. Scanning electron microscopy (SEM) images were taken with a FEI Quanta FEG 250. CLSM images were acquired with an Olympus BX60 microscope equipped with a FluoView FV300 confocal unit and excitation at 488 nm. Table 1 . Pseudomorphic transformation of SBA-15. The pseudomorphic transformation pathway is able to take a parent porous material and convert its typically disordered macroporous structure to a framework with an ordered pore system and a well-defined pore size. 29 The particle size and shape of the parent material are retained during the process. We have used SBA-15, which features a narrow pore size distribution centered at 7.3 nm, as a starting material (Figure 1a ). SBA-15 contains micropores and small mesopores that provide connectivity between the large primary mesopores. 21, 37 Through pseudomorphic transformation of SBA-15 in the presence of CTAB, it is possible to convert the material completely to a MCM-41 type material (sample S16-100). The pore condensation step in the nitrogen adsorption isotherm shifts to lower relative pressure and the pore size is reduced from 7.3 to 3.9 nm (Figure 1c ). The BET surface area remains high and even increases slightly ( micropores. 38 As will be shown in the following, these micropores disappear upon pseudomorphic transformation.
Results and discussion
In terms of the structural properties, the resulting sample S16-100 is very similar to MCM-41 prepared by classical liquid crystal templating (Figure 1b ), although the pore size distribution of the classical MCM-41
is slightly narrower and shifted to smaller pore size due to the different reaction conditions. No significant effect of the pseudomorphic transformation on the particle size and shape could be observed ( Figure 2 ). in the adsorption isotherm, whereas the desorption proceeds through a receding meniscus and is considered the equilibrium liquid-vapor transition. 39 The interpretation of the isotherms of hierarchically structured materials is more complex. The presence of cage-like structures allows for a different type of desorption. Desorption is delayed when adsorbed nitrogen must pass through a bottleneck. Percolation (pore blocking) and cavitation lead to H2 hysteresis, which is defined by a pronounced step in the desorption isotherm. The neck diameter determines which type of desorption mechanism is to occur.
Above a critical diameter (ca. 5 nm for nitrogen at 77 K), pore blocking delays desorption, whereas cavitation is involved below the critical diameter. 40 During cavitation, gas bubbles nucleate and grow in the metastable condensed fluid. Desorption from the pore body occurs while the pore neck remains filled (or partially filled). At relative pressures between 0.42 and 0.50 (for nitrogen), spontaneous evaporation of the stretched metastable liquid occurs, causing a forced closure of the hysteresis loop.
This phenomenon is often referred to as the tensile strength effect. 41 All of the bimodal materials that we have obtained by partial pseudomorphic transformation of SBA-15 are characterized by a large H2 hysteresis. The adsorption isotherms feature two well separated steps, corresponding to condensation in the MCM-41 (low pressure) and in the SBA-15 domains (high pressure). The desorption isotherms are more complex. A mechanical mixture of MCM-41 and SBA-15 displays the expected reversible condensation for MCM-41 and the H1 hysteresis for SBA-15 (Figure 4a ).
The bimodal materials, however, give rise to a pronounced H2 hysteresis with three steps in the desorption branch (indicated by numbers in Figure 4c ). The high pressure step 1 is comparable to the step in the H1 hysteresis of the parent SBA-15 and therefore most likely corresponds to desorption from unobstructed SBA-15 pores.
Step 2 is extremely steep with a forced closure at p/p 0 = 0.42. This is a clear indication of the cavitation mechanism for pore emptying and points to SBA-15 domains that are only accessible through the smaller pores of the MCM-41 domains. The pores of the MCM-41 domains act as bottlenecks and desorption from these pores occurs in the typical reversible step 3.
The pore size of the MCM-41 domains can be adjusted by employing structure-directing agents with differently sized alkyl chains. Using DTAB in the pseudomorphic transformation (instead of CTAB)
introduces MCM-41 domains with a pore size of 3.2 nm (Figure 4d ). The forced closure of the desorption isotherm remains at p/p 0 = 0.42, confirming that the cavitation mechanism is independent of the neck diameter once this value is below the critical diameter. 42 Accessibility tests. From the nitrogen sorption analysis we can conclude that the MCM-41 domains act as bottlenecks and therefore should restrict the access to a large part of the SBA-15 domains. Further experimental evidence for the structure of the partially transformed materials is provided by investigating the accessibility to the SBA-15 domains. PAMAM dendrimers coupled with FITC were used as probe molecules. PAMAM G1 (1.9 nm in diameter) is expected to be able to pass the MCM-41 domains and therefore access the entire particle, whereas G3 (3.6 nm in diameter) is too large to efficiently diffuse through the MCM-41 domains. 43 Imaging the particles with CLSM allows us to analyze the spatial distribution of the adsorbed FITC-coupled PAMAM dendrimers. The applicability of this method depends on the size of the bimodal mesoporous silica particles. Previous accessibility studies and the analysis of functional group distributions by means of CLSM have used mesoporous silica particles in the size regime of 5 µm. 30, 32 We have therefore applied the partial pseudomorphic transformation to spherical SBA-15 particles (SBA-s) with a size in the range of 4 to 7 µm. The pore size distribution of SBA-s is shown in Figure 5 . The synthetic conditions for SBA-s include ethanol and CTAB (as a co-surfactant), which promote the formation of spherical particles but also add disorder to the pore system, leading to a broader pore size distribution compared to the classical SBA-15 discussed above. It should also be noted that SBA-s contains a significant amount of secondary mesopores that have a smaller diameter than the primary mesopores. As can be seen from the pore size distribution of the transformed materials ( Figure 5 ), the conditions of the pseudomorphic transformation lead to the elimination of these secondary mesopores.
After adsorption of FITC-coupled PAMAM (G1 or G3), optical slices in the center of the parent SBA-s, partially transformed (S-S16-55), and fully transformed (S-S16-99) particles were imaged by CLSM ( Figure 5 ). The parent SBA-s particles are completely accessible to both G1 and G3. The small secondary mesopores apparently do not obstruct access to the particle core. Partial transformation of SBA-s leads to a bimodal material that is completely accessible to G1 but not to G3. The same is observed for the fully transformed material. In agreement with the nitrogen sorption analysis, this indicates that the MCM-41 domains act as bottlenecks and reduce the accessibility to the larger pores of the SBA-15
domains. Furthermore, the data suggest the presence of MCM-41 domains close to the external particle surface. In order to confirm that the MCM-41 domains are the limiting factor for accessibility, pseudomorphically transformed spheres with a much larger initial pore size (> 30 nm) were studied. The commercial silica gel Kromasil was used for this purpose. As we have shown previously, Kromasil can be transformed into a MCM-41 type material. 44 However, a small fraction of disordered large meso-and macropores remains after the transformation. 44 As can be seen from the adsorption of G3, these remaining interconnecting large pores provide full access to the particle core ( Figure 6 ). This is in contrast to the materials prepared from SBA-15 and SBA-s. Figure 6 . Left: CLSM image of PAMAM G3 adsorbed on K-S16-100. Right: Corresponding pore size distribution before PAMAM adsorption.
Conclusions
Partial pseudomorphic transformation of SBA-15 type materials with alkyltrimethylammonium structuredirecting agents yields bimodal mesoporous materials containing two sets of well-defined pore sizes. The smaller mesopores act as bottlenecks and restrict the access to the larger mesopores. Adsorption of fluorescence-labeled PAMAM dendrimers combined with CLSM imaging shows that the presence of these bottlenecks close to the external particle surface leads to size selectivity regarding the accessibility to the particle core. The diameter of the bottlenecks can be tuned by using alkyltrimethylammonium structure-directing agents with different alkyl chain lengths. The size of the larger mesopores, as well as the particle size and shape are determined by the starting material employed in the pseudomorphic transformation. Due to this high level of control over the structural parameters, the materials are ideal model systems for gas sorption studies and the elucidation of mechanisms underlying adsorptiondesorption hysteresis. From a preparative point of view, the bimodal mesoporous silicas are of interest as host materials for "ship-in-a-bottle" syntheses and for controlled release of guests by means of pore entrance (bottleneck) grafted gates. 9, [45] [46] [47] 
